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The Golgi ribbon is a complex structure of many stacks

interconnected by tubules that undergo fragmentation

during mitosis through a multistage process that allows

correct Golgi inheritance. The fissioning protein CtBP1-S/

BARS (BARS) is essential for this, and is itself required for

mitotic entry: a block in Golgi fragmentation results in

cell-cycle arrest in G2, defining the ‘Golgi mitotic check-

point’. Here, we clarify the precise stage of Golgi fragmen-

tation required for mitotic entry and the role of BARS in

this process. Thus, during G2, the Golgi ribbon is con-

verted into isolated stacks by fission of interstack connect-

ing tubules. This requires BARS and is sufficient for G2/M

transition. Cells without a Golgi ribbon are independent of

BARS for Golgi fragmentation and mitotic entrance.

Remarkably, fibroblasts from BARS-knockout embryos

have their Golgi complex divided into isolated stacks at

all cell-cycle stages, bypassing the need for BARS for Golgi

fragmentation. This identifies the precise stage of Golgi

fragmentation and the role of BARS in the Golgi mitotic

checkpoint, setting the stage for molecular analysis of this

process.
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Introduction

The Golgi complex is the essential station for protein proces-

sing and sorting at the center of the secretory pathway. In

mammalian cells, this organelle is structured in the form of

numerous stacks (usually 70–100; Trucco et al, 2004) that are

laterally connected by tubular bridges known as the ‘non-

compact’ zones. This generates a continuous membranous

system, the ‘Golgi ribbon’, that is located in a perinuclear

position (Rambourg et al, 1987; Shorter and Warren, 2002).

One intriguing aspect of the physiology of the Golgi complex

is its mechanism of mitotic inheritance, which involves

progressive and reversible disassembly of the ribbon into

dispersed elements, allowing the correct partitioning of the

Golgi membranes between the daughter cells (Shorter and

Warren, 2002; Colanzi et al, 2003). This mitotic fragmenta-

tion takes place in two main sequential steps: the pericen-

triolar Golgi membranes are first converted to scattered

tubulo-reticular elements and then these are further fragmen-

ted and dispersed throughout the cytoplasm, appearing as the

Golgi ‘haze’ (Colanzi et al, 2003; Axelsson and Warren, 2004;

Altan-Bonnet et al, 2006). The molecular mechanisms in-

volved here are partially understood, and through the devel-

opment of in vitro Golgi fragmentation assays, some of the

relevant components have been identified (Acharya et al,

1998; Colanzi et al, 2000, 2003; Sutterlin et al, 2001, 2002;

Shorter and Warren, 2002). Among these, a key player is the

protein CtBP1-S/BARS (BARS) (Hidalgo Carcedo et al, 2004),

which acts by inducing fission of Golgi tubules during both

normal trafficking and mitosis (Weigert et al, 1999).

A remarkable recent development in this area is that

mitotic Golgi fragmentation is required not only for Golgi

partitioning but also for entry into mitosis. This was estab-

lished through a variety of approaches, which showed that

inhibition of Golgi fragmentation in living cells results in

arrest of the cell cycle at the G2 stage (Sutterlin et al, 2002;

Hidalgo Carcedo et al, 2004). These approaches included

treatments affecting the function of the Golgi matrix protein

GRASP-65 (Sutterlin et al, 2002; Preisinger et al, 2005;

Yoshimura et al, 2005) as well as the microinjection of an

anti-BARS blocking antibody and BARS dominant-negative

mutants, and BARS depletion using antisense oligonucleo-

tides (Hidalgo Carcedo et al, 2004). These anti-BARS treat-

ments blocked fragmentation of the Golgi complex and

progression through the cell cycle, whereas readdition of

recombinant BARS restored these processes (Hidalgo

Carcedo et al, 2004). Based on these lines of evidence, the

existence of a novel checkpoint that appears to sense the

integrity of the Golgi complex, the ‘Golgi checkpoint’, has

been postulated (Sutterlin et al, 2002; Hidalgo Carcedo et al,

2004; Preisinger et al, 2005). The physiological relevance of

this checkpoint is witnessed by its link with profound and

prolonged inhibition of mitotic entrance (Sutterlin et al, 2002;

Hidalgo Carcedo et al, 2004; Yoshimura et al, 2005).

Unfortunately, basic aspects of the relationship between

Golgi fragmentation and mitotic ingression remain unclear,

including the exact cell-cycle phase during which this Golgi

checkpoint is triggered (see below) and the precise event in

Golgi fragmentation that controls the checkpoint. This infor-

mation is fundamental for identification of the mechanisms
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behind the Golgi checkpoint. In particular, a confusing fea-

ture here is that it is generally believed that Golgi fragmenta-

tion initiates during prophase (Shorter and Warren, 2002).

This, however, would be incompatible with the demonstra-

tion that inhibition of Golgi fragmentation blocks cell-cycle

progression in G2 (Sutterlin et al, 2002; Hidalgo Carcedo et al,

2004), an earlier cell-cycle phase. One possible explanation

relates to the ability of mammalian cells to retreat from the

earliest mitotic stage (prophase) in the presence of a ‘stress’

(Mikhailov and Rieder, 2002); therefore, in principle, a cell

could sense Golgi fragmentation in early mitosis, and if

something is amiss, it would rapidly exit prophase, returning

to the premitotic G2 phase. Alternatively, the alterations in

the Golgi complex that are necessary for entry into mitosis

could occur already during G2; in this case, however, they

should be so subtle structurally as to have so far escaped

detection.

Because BARS controls both Golgi fragmentation and the

Golgi checkpoint, a potentially useful approach to address the

above questions is likely to be the identification of the precise

site of action of BARS in mitotic Golgi partitioning. A relevant

hint as to the role of BARS derives from our previous work,

which showed that it operates in the fission of Golgi tubules

involved in a variety of processes (Weigert et al, 1999;

Mironov et al, 2004). This suggests that the role of BARS in

Golgi partitioning might be in the severing of the tubular non-

compact zones of the Golgi ribbon.

Here, using BARS-related molecular tools and a variety of

morphological and functional approaches, we clarify these

issues and identify an early stage of the Golgi partitioning

process that has not been fully characterized so far, namely,

the severing of the Golgi ribbon into separate stacks or small

groups of stacks. We find that this step occurs in G2 and is

necessary to pass the G2/M Golgi checkpoint. Presumably,

this is the minimal level of Golgi fragmentation needed to

divide the Golgi between daughter cells. BARS is specifically

required for severing of the non-compact zones in G2,

resulting in ribbon breakdown. The further disassembly of

the Golgi complex, which leads to complete fragmentation of

this organelle, is BARS independent and takes place only after

the cells have entered mitosis. These results set the stage for

defining the molecular processes involved in the Golgi check-

point.

Results

The Golgi ribbon is severed into isolated stacks

during G2

As indicated above, inhibition of fragmentation of the Golgi

complex leads to cell-cycle arrest in the G2 phase (Sutterlin

et al, 2002; Hidalgo Carcedo et al, 2004), suggesting that

Golgi partitioning initiates during G2 rather than, as generally

believed, in prophase (Shorter and Warren, 2002). If this is

the case, this partitioning most likely involves minor mod-

ifications of the general structure of the organelle that have

gone unnoticed until now.

To explore this possibility, we first used confocal micro-

scopy to investigate the general morphology of Golgi mem-

branes in HeLa cells during G2, taking advantage of the

combined staining patterns of anti-phosphorylated-H1 and

anti-H3 antibodies to identify late-G2 cells (Hendzel et al,

1997; Hidalgo Carcedo et al, 2004). When labelled with

antibodies against giantin, the Golgi ribbon in S phase

appeared as a large continuous perinuclear formation, either

compact or elongated, with alternating heavily and lightly

stained areas that possibly represent stacks and non-compact

zones (Figure 1A). A characteristic continuous ribbon was

present in most of the cells found in S phase (Figure 1B).

During late G2 (1–2% of the cells), the Golgi complex showed

breaks that interrupted the continuity of the Golgi mem-

branes (with a considerable increase in discrete Golgi objects)

in more than 90% of the G2 cells (Figure 1A and B),

indicating that some morphological modification was taking

place. Then, in late prophase/prometaphase, the pericentrio-

lar Golgi stacks broke down into smaller fragments, and

finally, between prometaphase and early anaphase, the

Golgi membranes underwent further fragmentation and

were diffusely dispersed throughout the cytosol (mitotic

Golgi haze) (Figure 1A), in agreement with previous observa-

tions (Shorter and Warren, 2002). Similar results were ob-

tained when staining the Golgi with an anti-GM130 antibody

(not shown).

To analyze the morphology of Golgi membranes during G2

at the ultrastructural level, HeLa cells were induced to

accumulate in G2 with an 18-h incubation with bisbenzimide,

a topoisomerase-I inhibitor that activates the DNA damage

checkpoint and promotes the accumulation of cells in G2

(Supplementary Figure S1) (Dubey and Raman, 1983). A

survey of the Golgi by electron microscopy showed that the

ribbon in non-treated (interphase) cells consisted of stacks of

variable sizes, which were often aligned along their main axis

and appeared connected by tubular non-compact zones, often

visible even in random thin sections (Figure 2A). G2-blocked

cells did not show major differences either in the number of

cisternae that composed the single stacks or in the average

diameter of the stacks; however, when compared with non-

treated cells, they showed stacks that were isolated (i.e. not

interconnected by tubules) in most cases and were not long-

itudinally aligned (Figure 2A). To define more precisely the

connectivity of the Golgi ribbon in G2, we used serial sections

to examine the ribbon in three-dimensional space. This

analysis showed that while nearly all of the control stacks

were interconnected, the stacks of G2 cells were either

isolated or connected in small groups of two to four stacks.

The ribbon connectivity was also quantified in thin sections

by assessing the fraction of the stacks that were isolated or

connected in small groups. Although this method does not

reveal connections outside the plane of the section, it is quite

suitable to compare G2 with control conditions. Again, the

differences indicated a large loss of ribbon connectivity

during G2 (Figure 2B). Thus, these data are consistent with

confocal microscopy observations and indicate that during

G2, the alterations in the global structure of the Golgi com-

plex consist of the disappearance of the interstack tubular

connections.

Next, we further assessed the loss of ribbon integrity

by a different quantitative approach based on analysis of

the diffusion-mediated process of fluorescence recovery

after photobleaching (FRAP) of Golgi-resident enzymes

(Lippincott-Schwartz and Patterson, 2003). Golgi enzymes

diffuse along the length of the Golgi ribbon, as revealed by

their fast FRAP (Cole et al, 1996); thus, if the tubular

connections between adjacent stacks are severed, there

should be a block in diffusion of the enzymes between stacks,
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as has been previously reported (Mironov et al, 2004). HeLa

cells were transfected with the medial-Golgi-resident enzyme

galactosyltransferase fused to GFP (GalT-GFP; Cole et al,

1996) and induced to accumulate in G2 with bisbenzimide

(Supplementary Figure S1). Then, a region corresponding to

about half of the Golgi membranes was bleached by repeated

laser illumination at high intensity and the FRAP of GalT-GFP

was examined. Figure 3A and B illustrate the pattern and time

course of the FRAP of the bleached area. In non-treated

(interphase) cells, recovery of GalT-GFP fluorescence (nor-

malized to the unbleached areas) was rapid, consistent with

an intact Golgi ribbon (Figure 3A–C, interphase), and reached

a plateau in 5 min. In contrast, in cells in G2, GalT-GFP FRAP

reached a much lower plateau than that seen in control cells

(Figure 3A–C, G2), suggesting that in G2, the continuity of

the Golgi ribbon is interrupted.

To rule out the possibility that the reduced FRAP seen in

G2 is due to nonspecific effects of bisbenzimide, we set up an

alternative approach to assess FRAP in cells in G2. HeLa cells

were transfected with GalT-GFP and induced to accumulate at

the beginning of S phase by synchronization with aphidico-

lin, a DNA polymerase inhibitor (see Hidalgo Carcedo et al,

2004). After the aphidicolin washout, the number of cells in

mitosis increased with time, peaking 13 h after removal of

aphidicolin. GalT-GFP FRAP was then evaluated in interphase

(non-synchronized) cells and in a G2-enriched cell popula-

tion represented by the non-mitotic cells seen 11–13 h after

aphidicolin washout, which is prevalently composed of cells

in various stages of G2 (Supplementary Figure S1). Even

under these conditions, the FRAP in G2-enriched cells mea-

sured 5 min after bleaching was significantly reduced com-

pared with that of interphase cells (Figure 3D), in spite of the

non-complete G2 synchrony. Indeed, a small fraction of the

non-mitotic cell population had high FRAP values, most

likely because this represented cells that were not in G2, in

which, therefore, the ribbon had not yet undergone fragmen-

tation.

Altogether, this demonstrates that during G2, the non-

compact zones through which the Golgi enzymes diffuse

along the ribbon (Cole et al, 1996) become fragmented,

resulting in the production of isolated stacks or small groups

of Golgi stacks. As this Golgi fragmentation step occurs in G2,

it might be the Golgi-related event that is required for mitotic

entry. Since BARS is essential for mitotic entry, to address

this point, we analyzed its role in this early Golgi

fragmentation.

BARS is required for fission-dependent cleavage of the

non-compact zones in G2

We have previously reported that BARS promotes the fission

of tubules originating from the rims of Golgi stacks under a

variety of conditions (Weigert et al, 1999). It thus seems

likely that the role of BARS in Golgi mitotic partitioning might

primarily be the severing of the inter-stack tubular

connections.
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Figure 1 Morphology of Golgi membranes in HeLa cells through
the cell cycle. (A) HeLa cells were grown on coverslips and fixed
and labelled with anti-phosphohistone-H1 and -H3 polyclonal anti-
bodies (pH1/pH3) as markers of different cell-cycle phases (Hidalgo
Carcedo et al, 2004), and with a giantin antibody to label the Golgi
complex. Images were acquired using a confocal microscope set at
maximal resolution. For quantitative analysis of Golgi phenotypes,
fixed imaging conditions were applied to all of the images. Scale
bar, 5mm. (B) Percent distribution of Golgi phenotypes as described
in Materials and methods. Data shown are representative of a total
of 70–120 cells for each experimental condition across three in-
dependent experiments.
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Although our previous investigations into the role of BARS

in Golgi fragmentation were obtained in NRK cells (Hidalgo

Carcedo et al, 2004), since our experiments on cell-cycle

synchronization were performed in the HeLa cell system,

we addressed this here by first also assessing the role of BARS

on mitotic ingression in HeLa cells. HeLa cells were trans-

fected with GalT-GFP and induced to accumulate at the

beginning of S phase by aphidicolin treatment. After aphidi-

colin washout, the cells were microinjected with either the

BARS substrate-binding domain (SBD), which acts as a

dominant-negative BARS (BARS-DN SBD), or the p52 affi-

nity-purified anti-BARS blocking antibody to block BARS

function. The cells were then fixed 13 h after aphidicolin

washout to evaluate the number of cells in mitosis, as

previously described (Hidalgo Carcedo et al, 2004). In cells

microinjected with BARS-DN SBD or with the anti-BARS

blocking antibody, the number of cells undergoing mitosis

was greatly reduced compared with control (GST- or IgG-

microinjected) cells (Figure 3E), indicating that BARS con-

trols mitotic entry also in HeLa cells.

Having verified this, we tested the effect of BARS blockers

on G2-specific fission of the non-compact zones using the

above-described FRAP assay in HeLa cells. We first tested the

effects of inhibition of BARS activity in bisbenzamide-blocked

G2 cells. As shown in Figure 3A–C, microinjection of BARS-

DN SBD prevented the reduction in FRAP in G2-blocked cells,

indicating that the G2 division of the ribbon into isolated

stacks was inhibited. We also used FRAP with a G2-enriched

cell population as described above. Under these conditions,

in cells where BARS was inhibited by microinjection of BARS-

DN SBD or the anti-BARS blocking antibody, the FRAP was

markedly greater than that of control (GST-microinjected)

G2-enriched cells; indeed, it was comparable with that seen

in interphase cells (Figure 3D). Microinjection of recombi-

nant BARS or generic IgGs in interphase cells did not have

any effect on the FRAP (data not shown).

These data indicate that BARS is required for G2-specific

severing of the Golgi ribbon into stacks. Since BARS also

controls mitotic entrance (Hidalgo Carcedo et al, 2004), this

indicates that ribbon fragmentation in G2 is the event that

controls progression into mitosis.

BARS function is dispensable for G2/M transition if the

Golgi complex is in the form of isolated stacks

An alternative possibility, however, is that BARS influences

mitotic entrance in ways unrelated to Golgi fragmentation.

Albeit unlikely, this possibility is not formally ruled out by

the data above. To address this point, we reasoned that if

BARS-dependent fission of non-compact tubular zones is the

essential BARS effect for passing through the Golgi check-

point, then BARS should be required for entry into mitosis

only in cells that have a normal Golgi ribbon, and would

instead be dispensable when the ribbon organization is lost.

A previous indication of this comes from studies using the

microtubule depolymerizing agent nocodazole, which di-

vides the Golgi ribbon into isolated stacks (Hidalgo Carcedo

et al, 2004). Nocodazole, however, might have severe side

effects. Thus, to test this prediction, we used LdlG-CHO cells,

which lack the Golgi protein GM130 (Vasile et al, 2003).

When grown at 341C, LdlG-CHO cells show an apparently

normal Golgi structure as revealed by immunofluorescence

microscopy (Figure 4A); however, since GM130 is required

for maintenance of the Golgi ribbon (Puthenveedu et al,

2006), LdlG-CHO cells lack the ribbon organization and

have Golgi membranes in the form of isolated but fully

functional, ministacks that are clustered around the nucleus
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stacks found isolated, in groups of 2–3 or of at least four connected stacks. The data are representative of more than 80 Golgi containing
sections for each experimental condition in three independent experiments.

BARS-dependent Golgi partitioning during G2
A Colanzi et al

The EMBO Journal VOL 26 | NO 10 | 2007 &2007 European Molecular Biology Organization2468



(Marra et al, 2007). Moreover, if LdlG-CHO cells are trans-

fected with GM130, they reacquire normal Golgi ribbon

structure (Marra et al, 2007). Based on these considerations,

BARS should not be required for mitotic entry in LdlG-CHO

cells, which possess no Golgi ribbon organization; in con-

trast, in GM130-transfected LdlG-CHO cells, where the

Golgi ribbon can reform, BARS should be necessary for

entrance into mitosis. This prediction was tested using the

BARS blockers: microinjection of the anti-BARS blocking

antibody into LdlG-CHO cells had no effect on entry into

mitosis, whereas the same treatment in GM130-transfected

LdlG-CHO cells blocked them in G2 (Figure 4B). An analogous

case in a different cell line is described below. These

results therefore establish a causal link between inhibition

of severing of the Golgi ribbon in G2 by BARS blockers and

inhibition of mitotic entrance. Notably, once the cells had

entered mitosis, further fragmentation of the Golgi complex

in cells microinjected with BARS blockers was essentially

identical to that of control (IgG microinjected) cells, indicat-

ing that after entry into mitosis, BARS does not have an

essential role in the subsequent stages of Golgi fragmentation

(not shown).

Therefore, these data identify the first stage of the parti-

tioning process, the severing of the Golgi ribbon into separate
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stacks (which is necessary to pass the G2/M checkpoint), as

the target of the action of BARS in the mitotic entry process.

Cells derived from BARS knockout embryos lose both

Golgi ribbon organization and the Golgi mitotic

checkpoint

Our previous (Hidalgo Carcedo et al, 2004) and present data

all converge toward an essential role for BARS in Golgi

fragmentation and entry into mitosis. Thus, an apparent

discrepancy arises between these data and those based on a

BARS knockout (KO) mouse (Hildebrand and Soriano, 2002).

These KO data reveal that although this BARS KO is embry-

onically lethal, a cell line derived from immortalized fibro-

blasts obtained from 8-day embryos (CtBP90 mouse embryo

fibroblasts (MEFs)) shows normal proliferation (Hildebrand

and Soriano, 2002). Moreover, as shown in Figure 5, the

mitotic cycle and the mode of Golgi complex partitioning

during mitosis in CtBP90 MEFs appears normal, at least at the

immunofluorescence level. We therefore examined how

CtBP90 MEFs compensate for a lack of BARS with respect

to these mitotic events.

First, since the essential step for entry into mitosis is

fragmentation of the Golgi ribbon by cleavage of the non-

compact zones, we examined its organization in CtBP90

MEFs. Remarkably, in electron microscopy, the normal rib-

bon organization of the Golgi complex was absent in CtBP90

MEFs, a feature that was not evident by simple confocal

analysis (Figure 6A and B). Although the stacks were mor-

phologically normal and located near the cell center as usual,

they were physically isolated from each other and were not

aligned (Figure 6B). The absence of an extended Golgi ribbon

was confirmed by quantitative electron microscopy, using the

approaches described above for HeLa cells in G2 (the results

were similar to HeLa cells in G2; see Figure 6D) and by FRAP:

CtBP90 MEFs were transfected with GalT-GFP and half of the

fluorescent Golgi complex was bleached. The bleached area

did not show appreciable FRAP when monitored for 5 min

(Figure 7A and B). These data thus indicate that BARS KO

MEFs have a fragmented ribbon, which would explain their

ability to bypass the Golgi checkpoint and enter mitosis

despite their lack of BARS.

We also wanted to know whether the fragmented ribbon

found in CtBP90 MEFs results from a specific adaptation of

these cells to the lack of BARS or if it is a feature common to

all of the MEF lines. We first examined CtBP86 MEF cells that

were derived from a partial BARS KO (i.e. from heterozygous

embryos) and therefore had lower levels of BARS (about

30%) than other MEFs (Figure 7C). Interestingly, also in

these cells, the extended Golgi ribbon organization was lost,

as determined by electron microscopy (Figure 6C and D)

and FRAP analyses (Figure 7A and B). In line with this,

microinjection of the anti-BARS antibody had no effect on

mitotic entry in both CtBP90 and CtBP86 MEFs (Figure 7D).

In contrast, unrelated MEFs that had normal BARS levels

showed FRAP values significantly greater than that of the

CtBP MEFs. At the same time, however, this FRAP was

somewhat lower than that seen in HeLa cells (compare

Figure 7B, wt-MEF, with Figure 3C, Int.), suggesting that

the Golgi membranes in wild-type MEFs are organized as a

less extended ribbon than that in HeLa cells (potentially due

to the accelerated duplication rate of MEF cells; Ciemerych

and Sicinski, 2005). MEF cells should therefore have a Golgi
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checkpoint and require BARS for mitotic entry. To test this is

not straightforward, because these cells do not synchronize

easily and tend to undergo apoptosis when subject to drug-

based sychronization protocols. We thus used an alternative

scheme that did not require stressful synchronizing treat-

ments. We microinjected a large number of unsynchronized

cells with either the anti-BARS antibody or control IgGs and

12 h later analyzed the number of cells that had duplicated in

the two groups (Figure 7E). With the anti-BARS antibody in

wild-type MEFs, there was a significant, albeit not complete,

inhibition of cell duplication (as compared to IgGs;

Figure 7E). This incomplete effect might be due to either

the lower basal degree of ribbon integrity in these MEF cells

when compared with HeLa cells, as noted above, and/or by

the fact that only very prolonged duplication blocks are

detected by the protocol used here. In any case, these data

provide an explanation of how BARS KO MEFs can bypass the

need for BARS for cell duplication and they confirm the link

between Golgi ribbon organization and the presence of the

Golgi mitotic checkpoint.

Discussion

This study reports on three closely interrelated findings. First,

mitotic Golgi fragmentation involves a very early and now

fully characterized stage: the cleavage of the tubular non-

compact zones that interconnect the Golgi stacks into a

ribbon structure. This ribbon cleavage stage occurs in G2

and results in isolated stacks (or small groups of stacks) that

remain structurally and functionally normal in their usual

pericentriolar position. Second, although structurally mini-

mal and, in fact, difficult to detect without specifically

designed approaches, ribbon cleavage is of great functional

significance, in that it controls the transition from G2 to M;

namely, the Golgi checkpoint (see below). Third, ribbon

cleavage requires the fission-inducing protein BARS. This

first cleavage is followed by two previously characterized

steps that are independent of BARS: the disassembly of the

Golgi into scattered tubular elements in prometaphase, and

the further fine dispersion of these elements into the Golgi

haze in metaphase.

These conclusions rest on the following lines of evidence:

(a) using electron microscopy and FRAP approaches, we have

shown that during G2, the normal non-compact zones of the

Golgi ribbon are mostly fragmented, although the stacks

maintain an overall intact morphology and remain clustered

in a perinuclear area; these data are consistent with the

reduction in cisternal length previously observed in prophase

(Misteli and Warren, 1995); (b) cleavage of the non-compact

zones can be inhibited by a variety of treatments that block

BARS activity; and (c) these same treatments, and other

treatments that block early Golgi fragmentation (Sutterlin

et al, 2002; Yoshimura et al, 2005) cause cell-cycle arrest in

G2, that is, prevent mitotic entrance. Moreover, in cells that

already have Golgi membranes that are organized as isolated

stacks (either spontaneously or through experimental manip-

ulation), microinjection of the BARS blockers does not affect

G2/M transition, indicating that in the absence of a ribbon

organization of the Golgi, BARS becomes superfluous for

mitotic entry. Of note, this is also the case in CtBP90 BARS-

KO MEFs, which have a Golgi complex that is permanently

composed of isolated stacks or small groups of stacks, and

thus do not need BARS for G2/M transition.

While this manuscript was under revision, it was reported

that the inhibition of MEK1 kinase in HeLa cells caused a 2 h

delay in mitotic entry. This delay was abrogated if the Golgi

ribbon was broken down by depletion of the golgin GRASP65.

Imaging revealed that this breakup of the ribbon begins

before M phase and is reduced by inhibition of MEK1 activity

(Feinstein and Linstedt, 2007). Thus, even if this mitosis-

specific MEK1 function appears to facilitate rather than to be
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required for G2/M progression, which is instead the case for

BARS, this independent observation is perfectly in line with

our data and leads to the interesting speculation that the

severing of the non-compact zones by BARS might be some-

how coordinated with this newly identified role for MEK1.

The data presented here have several implications related

to both the mechanisms of Golgi ribbon formation and the

interplay between cell-cycle regulation and Golgi membrane

structure/function.

The Golgi ribbon appears to be a dynamic entity that is

regulated by complex and coordinated actions of several

different factors, some that are devoted to its maintenance

and some others to its breakdown. Among the maintenance

factors, there are several Golgi-matrix proteins, possibly

acting as membrane tethers, including Golgin-84, GM130,

GRASP-65, Golgin-245, Golgin-45, p115 and Cog3 (Short et al,

2001; Allan et al, 2002; Diao et al, 2003; Rios and Bornens,

2003; Rios et al, 2004; Yoshino et al, 2005; Zolov and

Lupashin, 2005; Puthenveedu et al, 2006); microtubule mo-

tors and various cytoskeleton components such as CD1

(cytoplasmic dynein 1), Hook3 (Golgi-localized micro-

tubule-binding protein), CLASP (peripheral cis-localized

protein; proposed to bind short-range detyrosinated

microtubules), MACF1b (microtubule actin-crosslinking fac-

tor), GMAP-210 and AKAP-450 (Walenta et al, 2001;

Sillibourne et al, 2002; Rios et al, 2004; Lin et al, 2005;

Mimori-Kiyosue et al, 2005). Also, the lipid composition of

Golgi membranes is important for ribbon maintenance; for

instance, inhibition of phospholipase A2 and increased levels

of sphingosine cause fragmentation of the Golgi complex

(Chan et al, 2004; Hu et al, 2005). Interestingly, while all

these factors are involved in maintaining the ribbon struc-

ture, only one player, BARS, is so far known to act by cleaving

the ribbon into stacks. It is thus important to elucidate the

interplay between BARS, the relevant maintenance factors

and the regulatory kinases. Probably, the ribbon represents

the ‘background state’ of the mammalian Golgi, which must

be actively and rapidly broken down by activating BARS and

inactivating maintenance factors when needed at specific

times, such as just before mitotic entry. The persistent

inactivation of maintenance factors might represent a backup

mechanism through which embryonic cells adapt to a lack of

BARS activity. It will be of interest to determine the factor(s)

involved in the permanent loss of the ribbon structure in

BARS KO cells.

The Golgi complex is organized in the form of a ribbon in

all mammalian and probably other animal cells. However, the

reason of this peculiar organization is still an open question

(Colanzi et al, 2003). The transport of cargo to, through and

out of the Golgi complex in cultured cells can take place

efficiently when the ribbon is interrupted (Cole et al, 1996;

Trucco et al, 2004), and plant and insect cells do not have a

ribbon (Colanzi et al, 2003), indicating that the ribbon

provides some evolutionary advantage in certain (but not

all) organisms that is not apparent in cultured cells. A role for

the ribbon in the equal distribution of Golgi enzymes among

the stacks and, consequently, for efficient glycosylation of

secretory proteins has been proposed recently (Puthenveedu

et al, 2006). However, these conclusions are not supported by

a different study (Marra et al, 2007). This proposal, therefore,

needs further analysis. It is tempting to speculate that the

ribbon organization has functions that are not strictly related
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to membrane transport, but instead related to regulatory

functions. In agreement with this, Golgi membranes are

home to several signal transduction molecules (Rios and

Bornens, 2003; Sallese et al, 2006) and are directly involved

in the generation of the proapoptotic mediator ganglioside

GD3 (Ferri and Kroemer, 2001). Moreover, the Golgi complex

is reoriented towards the leading edge in migrating fibroblasts

(Nobes and Hall, 1999; Palazzo et al, 2001), suggesting that

the ribbon functions in strict coordination with the micro-

tubule-organizing center and the cystoskeleton to accomplish

the correctly targeted delivery of membranes to specific sites

at the cell surface. In line with this, the fragmentation of the

Golgi ribbon induced by overexpression of GRASP65 impairs

polarized dendrite outgrowth in hippocampal neurons

(Horton et al, 2005).

The mechanism of action of BARS and its regulation in this

process are further important issues for future studies. The

addition of recombinant BARS alone to permeabilized cells

does not induce fragmentation of the Golgi (Hidalgo Carcedo

et al, 2004), and the microinjection of recombinant BARS in

interphase cells does not induce the breakup of the Golgi

ribbon (this study, data not shown); moreover, in permeabi-

lized cells, BARS can reconstitute Golgi fragmentation only in

the presence of mitotic cytosol (previously depleted of BARS)

and not of interphase cytosol (Hidalgo Carcedo et al, 2004).

Collectively, these data are in line with specific mitotic
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activation of BARS in severing the non-compact zones. BARS

is known to be a target for several kinases (Corda et al, 2006).

Since PAK1 has been reported to be required for mitotic entry

and is known to phosphorylate the BARS homologue CtBP1

(Barnes et al, 2003), it is a candidate activator of BARS in G2.

BARS phosphorylation probably determines its molecular

partners in the fission of the Golgi ribbon. Here, the avail-

ability of in vitro assays of mitotic Golgi fragmentation

(Acharya et al, 1998) will provide experimental access to

these questions.

Regarding the BARS-independent Golgi disassembly that

occurs after cells enter mitosis, several golgins are phos-

phorylated by various kinases, including Plk1, the Raf1/

MEK1/ERK1c cascade and Cdc2, cargo exit from the endo-

plasmic reticulum is blocked and Arf1 is released from Golgi

membranes (Shorter and Warren, 2002; Altan-Bonnet et al,

2003). All these events may contribute to a loss of the stacked

organization of the Golgi complex and transformation of the

Golgi cisternae into the tubular network seen during the early

stages of mitosis (Shorter and Warren, 2002). Moreover, these

conditions might facilitate further fragmentation/fission by a

variety of mechanisms including vesiculation and/or redis-

tribution into the endoplasmic reticulum, all of which can act

independently of BARS (Axelsson and Warren, 2004; Altan-

Bonnet et al, 2006).

Why is the BARS-mediated severing of the Golgi ribbon

into stacks required for mitotic ingression? The simplest

explanation is that correct inheritance of Golgi membranes

between the new cells that are formed is critical for cell

survival, and therefore cells have evolved mechanisms to

ensure and/or check the equal division of this organelle

(McGowan and Russell, 2004). As the Golgi complex in

mammalian cells has the properties of being virtually a

‘single-copy’ organelle and of residing in an asymmetrical

location, the formation of two equal and inheritable Golgi

pools before the centrosomes start forming the mitotic spin-

dle in late prophase should be required for entry into mitosis.

To this end, the minimal essential Golgi fragmentation step is

division of the ribbon into its constituent stacks. Our mor-

phological analysis indicates that during late G2, the Golgi

complex reorganizes from a large ribbon-like network

(Trucco et al, 2004) into a mixed population of isolated stacks

and small groups of two to four connected stacks. This level

of breakdown, rather than a full Golgi disassembly, appears

to be sufficient to enter mitosis. Evolutionary evidence sup-

ports this idea, in that many non-mammalian cell types that

do not have Golgi stacks organized in a ribbon, such as plant

cells and Drosophila embryo cells, divide well without the

need for disassembling the stacks (Colanzi et al, 2003).

Finally, a key question is how ribbon breakdown controls

the Golgi checkpoint. A series of possible mechanisms can be

envisioned on the basis of our current observations. One

intriguing possibility is related to the requirement for entry

into mitosis of separation and ‘maturation’ of the duplicated

centrosomes in G2. This maturation begins in G2 and in-

volves the sequential centrosomal recruitment and activation

of PAK1 kinase, Aurora-A kinase and CDC25B phosphatase,

which in turn are all essential for centrosomal recruitment

and initial activation of the Cdk1/ cyclin B complex, the

master regulator of mitotic entry (Jackman et al, 1995; Brittle

and Ohkura, 2005; Zhao et al, 2005). Since the Golgi complex

is tightly associated with microtubules and the centrosome

(Shima et al, 1998), we can suppose that an undivided Golgi

ribbon might mechanically prevent the correct separation and

maturation of the centrosomes, which would in turn cause a

block of entry into mitosis.

An alternative possibility is that Golgi fragmentation dur-

ing G2 is essential for the exposure of proteins or lipids on, or

release from, the severed membranes that trigger mitotic

entrance. This is analogous to the observation that during

prophase, a set of proteins including clathrin, Nir2, Sak1 and

cullin-2 are released from Golgi membranes and acquire new

functions that are related to the formation of the mitotic

spindle, chromosome segregation and cytokinesis (Litvak

et al, 2004; Royle et al, 2005; Altan-Bonnet et al, 2006).

The identification of this precise stage in Golgi partitioning

that controls the Golgi mitotic checkpoint, and the availabil-

ity of BARS-related molecular tools to manipulate it both in

vivo and in vitro, provides the basis for defining the mechan-

isms by which the Golgi complex controls G2/M transition,

with potentially important physiological and pharmacologi-

cal consequences.

Materials and methods

Reagents
The following antibodies and constructs were used: generic IgGs
(Jackson ImmunoResearch, West Grove, PA, USA), anti-phosphory-
lated-H1 and anti-phosphorylated-H3 antibodies (Upstate, Charlot-
tesville, VA, USA) and anti-giantin monoclonal antibody (Dr H P
Hauri, University of Basel, Basel, Switzerland); anti-BARS p52
antibody has been previously described (Hidalgo Carcedo et al,
2004), and cDNAs of GalT-GFP were from Dr J Lippincott-Schwartz
(NIH, Bethesda, MD, USA). The CtBP90 and CtBP86 MEFs were
from Dr J Hildebrand (University of Pittsburg, Pittsburgh, PA, USA).
Unless otherwise stated, all other chemicals and reagents were
obtained from previously indicated sources (Hidalgo Carcedo et al,
2004) or from Sigma (Milan, Italy). Growth of the HeLa, CHO, NRK
and MEF cells were as previously described (Hildebrand and
Soriano, 2002; Trucco et al, 2004). Poly-histidine-tagged CtBP/BARS
and BARS mutants were expressed and purified as described
previously (Nardini et al, 2003; Valente et al, 2005).

Microinjection and cell-cycle synchronization
The affinity-purified anti-BARS antibody and preimmune IgGs (both
at 3–6 mg/ml) were microinjected into 200–600 aphidicolin-arrested
(2.5mg/ml aphidicolin) or thymidine-arrested (2 mM thymidine)
cells 45 min after removal of this S-phase block. Cells were then
incubated in complete medium for the appropriate times before
fixing. To induce G2 block, cells were incubated for 18 h with
bisbenzimide (1mg/ml Hoechst 33342 or 40 mg/ml Hoechst 33258)
(Dubey and Raman, 1983). Cells were stained with an anti-giantin
antibody to visualize Golgi membranes, with TRITC-conjugated
dextran to visualize microinjected cells, with Hoechst to visualize
DNA organization and with anti-phosphorylated-H1 and anti-
phosphorylated-H3 antibodies as markers of cell-cycle phases
(Hendzel et al, 1997), according to the manufacturer’s instructions
(Upstate, Charlottesville, VA, USA). Cell-cycle synchrony under
various conditions was evaluated by FACS analysis and/or
imunofluorescence detection of the pH1/pH3 epitopes combined
with Hoechst. Microinjection of recombinant protein was as for the
antibody; SBD and GST were microinjected at 8 mg/ml.

Analysis of FRAP
Living cells were imaged at 371C on the temperature-controlled
stage of a Zeiss LSM 510 laser scanning confocal microscope using
the 488-nm line of a 25-mW argon laser and an oil-immersion
objective (� 63, 1.4 numerical aperture). GalT-GFP fluorescence
was photobleached in a defined region of the Golgi mass with 10
iterations at 80% laser power/100% transmission. After bleaching,
fluorescence intensity in the bleached area was monitored over time
by scanning at 0.5% transmission every 5 s. GalT-GFP photobleach-
ing was irreversible under these conditions, as judged by bleaching
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the entire Golgi complex. Data sets where the focal plane shifted
were discarded by visual inspection of recorded images. To assess
differences in GalT-GFP mobility in the Golgi mass under different
conditions, we determined recovery curves of fluorescence inten-
sities normalized to the unbleached areas and corrected for
background versus time. To evaluate FRAP in microinjected cells,
HeLa cells were first transfected with GalT-GFP, and at appropriate
times randomly microinjected with various recombinant proteins or
antibodies in the presence of TRITC-dextran as microinjection
marker. Under confocal microscopy, cells that were both transfected
and microinjected were further evaluated by phase contrast to
determine if they had interphase or mitotic features (rounded cell
shape, condensed chromosomes). Cells not in mitosis were further
processed for FRAP analysis. Images were cropped with Adobe
Photoshop and composed using Adobe Illustrator. Statistical
significance of FRAP measurements was assessed by two-tailed
Student’s t-test.

Microscopy
Fluorescence and confocal microscopy were as described previously
(Polishchuk et al, 2000). For quantitative analysis of Golgi
phenotypes, the images were acquired using identical Confocal
settings, analyzed using the Object Count tool and assigned to one
of the three following classes: (a) intact ribbon (one major object,
either compact or elongated, plus 0–3 minor objects); (b) partially
fragmented (4–10 objects) and (c) fragmented (11 up to 30 objects).
For electron microscopy, HeLa cells and MEFs were grown in Petri
dishes, fixed with 2% glutaraldehyde and processed for electron
microscopy, as described previously (Hidalgo Carcedo et al, 2004).

Ultrathin sections (80 nm) were observed at 80 keV with a Teknai 12
electron microscope. Images were evaluated using Analysis soft-
ware. In serial-sections analysis, adjacent aligned stacks with at
least one contiguous cisterna were considered to be connected. The
length of individual stacks and the part of the ribbon seen in the
section were measured using the freehand line selection tool in
analysis.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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